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Abstract 
Resource management depends on the particulars of the operational setting within which the project resources are 
being deployed. This paper analyses the operations of an on-site batch plant and the concrete supply process with the 
aid of simulation-based modeling. The objective of the study is the determination of the concrete truck fleet size that 
fits best the project needs. The model building process is described and key production parameters are identified. 
Data are collected to define activity durations and alternative scenarios are being examined by the use of sensitivity 
analysis. Simulation outputs are validated against the actual records and the practical implications of the deployed 
truck fleet size is examined against utilization and productivity criteria. The research findings indicate that the model-
generated information aids construction managers in making informed decisions regarding the resource management 
strategy that is going to be implemented on site. 
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1. Introduction 
The production of ready-mixed concrete (RMC) on a site-located batch plant plays an important role in 
enhancing construction performance. At the operational level, the scheduling of the batch plant 
production operations as well as delivery of concrete is essentially a problem of material logistics 
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planning (Lu & Lam 2009). Suppliers and contractors do not always share the same perspectives on 
concrete delivery performance (Smith, 1999). As such, it is important to determine the optimal planning 
trade-off between the two parties, so as to ensure timely and economical supply of concrete at the jobsite 
(Park et al., 2011). Hence, the objective of this research is to develop a simulation model to analyze the 
operations that take place for the production of ready-mixed concrete on an on-site batch plant and its 
subsequent delivery for the construction of floating caissons, so as to determine the optimum combination 
of resources that satisfy the productivity demands.  
The structure of the paper is as follows: First, background information on pertinent research on RMC 
studies is going to be provided, followed by a concise description of the selected simulation language and 
software. Then, the research methodology is going to be delineated and, subsequently, the model set-up 
process, including the definition of the workflow and the distribution fitting procedure will be presented. 
The model’s verification, analysis and validation will be described and, finally, the sensitivity analysis 
along with the main emerging inferences will conclude the study.  
2. Background 
The dispatching of truck mixers to fulfill site orders is not only constrained by the availability of plant 
resources (i.e. the batch bay and the truck mixers), but also driven by the demand pattern of concrete by 
the sites (Lu & Lam, 2009). As such, the utilization levels of the deployed resources and the overall 
system performance (i.e. productivity) are the main metrics that represent the dynamic interaction of the 
concrete supply and demand relationships (Zayed & Halpin, 2001). In dealing with RMC productivity 
issues, previous simulation-based studies have commonly recognized the importance of proper truck 
mixer scheduling (Park et al., 2011). It that sense, it has been suggested that the arrival rate of truck 
mixers has to be kept at such a level so as to avoid extra costs due to over-tuned concrete and under-
utilization of truck mixers (Smith, 1999). On the other hand, the demand of constant concrete supply at a 
productivity level (expressed in concrete m3/hr of operation) higher than the minimum required to execute 
the slipforming activities for the floating caissons construction poses an additional challenge to the 
resource configuration problem described in the previous section.  
In this study, the advanced simulation software products STROBOSCOPE and EZStrobe were 
employed. The state and resource based simulation of construction processes (STROBOSCOPE) 
simulation system is an advanced general purpose simulation tool that can determine the state of the 
simulation and the characteristics of the resources involved in an operation in a dynamic fashion (Ioannou 
& Martinez, 1999). The EZStrobe simulation platform was developed, so as to enable the use of the 
STROBOSCOPE simulation language in a more simple and graphical form (Martinez, 2001). EZStrobe is 
based on Activity Cycle Diagrams (ACD) and implements the three-phase activity-scanning paradigm. 
The reader is referred to Martinez (2001) for a detailed description of the modeling elements used for the 
EZstrobe system.  
3. Research methodology 
The research methodology is depicted in Figure 1 below. First, the model is being set up by the use of 
the preferred simulation language (e.g. STROBOSCOPE). The model set up depends on the method 
statement which determines the type and sequence of the activities involved in the operation under study. 
Then, the data collection process initiates which comprises direct observation of construction activities 
combined with experts input (e.g. interview with project manager) to improve the robustness of the 
created data sets. Subsequently, the sample independence and homogeneity must be assessed. The former 
is evaluated by the use of ordered plots or scatter diagrams. The latter is a critical parameter of the input 
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modeling process and should be assessed based on the Kruskal-Wallis hypothesis test for homogeneity 
(Law, 2007). The possible distribution functions can be selected along with their parameters based on 
summary statistics (e.g. quantile summaries, box plots) (Martinez, 2010). The goodness of fit for the 
selected distribution is being evaluated by the creation of specific graphs (e.g. Q-Q or P-P plots) 
combined with statistical checks (e.g. Chi-square, Kolmogorov-Smirnov, Anderson-Darling) (AbouRizk 
& Halpin, 1990; Maio et al., 2000). An iterative process is being initiated until the proper distribution has 
been defined. After the statistical checks have been successful, it is assured that the model is verified, 
namely that it actually represents what the developer or engineer had in mind (Shi, 2002). In the case of 
failure to verify, the model set-up process must be re-visited to adjust accordingly. Upon verification of 
the model, simulation runs can be executed. First, pilot runs are executed to define the model’s behavior. 
If satisfied, the number of independent replications is determined and the simulation experiment is 
designed. The results are compared to the actual data and it is evaluated to what extent the abstract model 
corresponds to the actual situation on-site, i.e. model validation. If the validation results are not 
satisfactory, new data must be provided to the model so as to improve its accuracy. Sensitivity analysis is 
performed to optimize the model’s performance under variation of the critical model parameters (Hong & 
Hastak, 2007) and, ultimately, decisions are being made regarding the resource deployment and workflow 
strategies based on the analysis’ results. Sometimes, the decision making process requires the 
examination of alternative scenarios (e.g. varying truck fleet size, different mixers capacity). In this case, 
alterations in the model set-up must be induced, so as to represent the variations in the operational setting. 
A detailed description of the methodological framework’s implementation in the analysis of the concrete 
batch plant operations is presented in the following sections. 
 
 
Fig. 1. Research methodology 
4. Components of the RMC batching plant 
The concrete batch plant transforms raw material into concrete in its production facility and is 
committed to delivering concrete to the construction site by truck mixers, so as to match the on-site 
concreting progress. The batching plant consists of the following components: 
• Storage hopper: It consists of three compartments to store sand, fine and coarse aggregates. Depending 
of the predefined concrete mix design, specific amounts of the materials are discharged into the 
aggregate weighing hopper, which is located directly below the storage hopper.  
• Cement silo and water storage tank: They are located next to the mixer and after being weighed, both 
components are discharged into the mixer. 
• Chemical additives tank: It contains plasticizer that is used to enhance the concrete workability. It is 
released directly into the mixer. 
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• Mixer: It receives all the components to batch the ready mixed concrete and has a double axis which 
rotates constantly and ensures that components are mixed evenly and thoroughly to the right 
workability. 
The truck mixers are being loaded in partial batches of the total concrete amount. For example, for a 
7m3 load, three batches of 2,30m3 will be produced. The identified operation processes that comprise the 
model’s workflow are described in the next section. 
5. Model set-up and input modeling 
5.1. Model description 
The project in hand regards the construction of 34 floating caissons (WxLxH = 15m x 24,80m x 
19,70m) by the use of the slip form technique. The total concrete quantity for the completion of a floating 
caisson, excluding its foundation base, is 1.012,20m3. The caissons are always constructed in pairs, so the 
total amount of concrete needed for the slipforming activity is 2.024,40m3. Truck mixers have a 
maximum carrying capacity of 10m3 and work on a 24hr basis whenever slipforming activities for the 
floating caisson construction are taking place. However, the exact amount of concrete put in every truck 
is determined by the site engineer depending on the anticipated concreting rate. The developed EZStrobe 
model is depicted in Figure 2. The workflow for the system (activity/resources names in brackets) is 
described in the following paragraphs. 
 
 
Fig. 2. Simulation model for the concrete plant operation 
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First, under the condition that the plant is available (PlantAvl), a predefined quantity of concrete 
(AmtOfCncr) is going to be loaded to the truck mixers fleet (nTrucks). The batch plant cycle (ConcrLoad) 
depends on the batch quantity and the number of partial batches needed to load a truck mixer. The loaded 
trucks are directed to the weighing bridge (HaulToWeigh), so as to define their gross weight (WeighLd). 
When completed, each truck is assigned to a specific caisson (GoCaisson1 or GoCaisson2) and after 
traversing the road segment needed (RoadCaisson1 or RoadCaisson2) it maneuvers and disperses its 
concrete load into the concrete pumps (UnldPump1 or UnldPump2), under the prerequisite that they are 
available (Pump1Avl or Pump2Avl). It should be noted, that only two truck mixers can be assigned to a 
concrete pump, i.e. one to be unloading and one to be waiting. If two truck mixers are already in one 
concrete pump area, then the third is directed to the other caisson. The latter is modeled through the 
Queue “EntryTo1” or “EntryTo2” which gives a “ticket” to every truck mixer entering the area. The 
concrete is poured in the caissons (CncrDmpd1 or CncrDmpd2) and the truck mixers return to the 
weighing bridge (ReturnToWeigh) to get the tare weight (WeighEmpt). The difference between the gross 
and the tare weight gives the net weight of the concrete poured. Finally, the truck mixers return to the 
plant (RetunToPlant) and another cycle begins.  
5.2. Data collection and distribution fitting 
Productivity field data expressed in activity’s output/hours (e.g. m or m3/hours etc.) have been 
collected for every activity depicted in Figure 2. The direct observation technique complemented by time-
lapse video was deployed to record the data. The recorded durations for each activity were fitted to a pre-
defined probability distribution (Beta, Erlang, Exponential, Gamma, Normal, Triangular and Uniform) 
based on the analysis of the collected data. The BestFit distribution fitting add-on of the @RISK 
(Palisade, 2012) software package has been used for the distribution fitting process. Indicatively, the 
distribution fitting process for the concrete mixing activity was based on the selection of the best fitted 
continuous distribution function and the determination of its parameters on the ground of quantile 
summaries. Additionally, the chi square, Kolmogorov-Smirnov and Anderson-Darling tests at a 90% 
significance level were also taken into account. Ultimately, the triangular distribution was found to be 
satisfactory for the concrete production activity. Figure 3a/b presents a comparison between the input data 
and the fitted beta cumulative distribution function as well as its respective Q-Q plot. 
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Fig. 3. Concrete mixing activity (a) triangular CDF; (b) Q-Q Plot 
6. Verification, analysis and validation 
The verification process has been threefold, by implementing the three white-box methods proposed 
by Shi (2002). First, the model set-up was verified by consultation with the project director and the site 
engineer. Then, the program per se was tested by confirming the sequence of the activities’ execution. 
EZStrobe’s inherent animation features were used to visualize the simulation progress and ensure that the 
chronological order of the activities was correct. A deterministic pilot run of the model was also executed 
to check the starting activities and their conditions, while the produced simulation report was utilized to 
control the logic behind the initiation conditions of the model’s resources and activities. The summary 
statistics of each pilot run coincided with the actual measurements on site (mean durations, achieved 
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productivity). Finally, EZStrobe’s generated trace output served as a yardstick against which the 
resources flow between the activities was again verified. The simulation results were based on 20 
independent replications yielding an average system performance of 12,83 m3 of concrete per hour, which 
was slightly overestimated in relation to the actual recorded average productivity of 11,27 m3 of concrete 
per hour. After extensive consultation with project experts the model’s face validity has been deemed to 
be at a satisfactory level. 
In addition, the system baseline productivity or, else, theoretically required productivity was 
determined as follows: Each caisson requires 1.012,20m3 of concrete to be completed. At the time of 
design, an average sliding speed of 0,20m/hr was estimated to be achieved on site. As such, one caisson 
would be completed in 1.012,20/0,20 = 95,25 hours. Therefore the required productivity would be 
1.012,20/95,25 = 10,63m3/hr. The latter denotes two significant observations: (a) the system’s initial 
configuration was satisfactory, since it would theoretically cover the concrete supply demand and (b) the 
system was indeed proven to be within the accepted performance margins, since the actual productivity 
was bigger than the actual average supply demand.  
7. Sensitivity analysis 
In view of the findings presented in the previous section, a sensitivity analysis was undertaken, to 
investigate the system’s response to the variations of the truck mixers fleet. The 2k full factorial design 
technique has been implemented by simulating the deployment of three, four, five or six truck mixers. In 
total, 41=4 combinations were examined whose results in terms of critical resources utilization (batch 
plant, truck mixers, pump1 and pump2) and productivity rates are presented in Table 1 below. It should 
be noted that for every alternative scenario the seed numbers have been kept the same in order to endure 
similar experimental conditions for all system configurations. In addition, the common random numbers 
(CRN) technique has been implemented to control and synchronize the random number streams used in 
the model. Table 1 shows evidently that the deployed truck mixers fleet presents a system configuration 
that improves the performance from the immediate previous state (i.e. deployment of three truck mixers) 
more than any other incremental improvement in terms of productivity and utilization. The exact metrics 
of the improvement expressed in percentage are depicted in Table 2. Of course, using five or six truck 
mixers keeps improving the system productivity, however two significant factors should be taken into 
account for the decision to increase the fleet size: (a) the cost trade-off for the concrete supply vs. the 
concrete demand, which might outweigh the benefits stemming from increased productivity and (b) the 
under-utilization of the truck mixers in the sense that the deployment of resources at 50% utilization rate 
will yield a <5% improvement in productivity and pumps utilization. Finally, the plant utilization rate 
seems to be constant around 25%, thus denoting that this resource is insensitive to the truck fleet size 
variation.  
 
Table 1. Sensitivity analysis 
Truck mixer fleet size Plant util. Trucks util. Pump1 util. Pump2 util. Productivity 
3 0,21 0,80 0,71 0,71 11,21 m3/h 
4 0,25 0,69 0,81 0,82 12,86 m3/h 
5 0,26 0,57 0,84 0,86 13,36 m3/h 
6 0,27 0,50 0,88 0,90 13,96 m3/h 
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Table 2. Percentage variation of model alternative configurations 
Truck mixer fleet size Plant util. Trucks util. Pump1 util. Pump2 util. Productivity 
3 - - - - - 
4 +19,05% -13,75% +14,08% +15,49% +14,72% 
5 +4,00% -17,39% +3,70% +4,88% +3,89% 
6 +3,85% -12,28% +4,76% +4,65% +4,49% 
8. Contribution and possible impact 
The model’s main focus is on the resources utilization and coordination strategy that should be 
employed under dynamically changing operational conditions. The difference of this particular setting in 
relation to conventional concreting operations is that the concrete demand for the project is changing due 
to the variations in the slipforming speed. The latter may change due to the weather conditions (e.g. 
increased temperature requires higher sliding speed) or the concrete properties (e.g. setting time, 
workability). The main challenge is to be able to match the concrete supply to the on-site demand, 
without departing from the optimum combination. The developed simulation model aids significantly in 
that direction, since it allows the quick adaptation of the operational setting to the changing resource 
configurations, either by changing the truck fleet size or even altering the capacity of the deployed 
concrete trucks. A possible extension of the model would be the inclusion of cost criteria and their 
respective parameters, so as to evaluate each system configuration on a productivity and cost impact 
basis. In that sense, a holistic overview of the simulated process would be produced, which, in turn, could 
be translated into a group of pre-defined operational strategies that should be employed depending on the 
actual conditions. In other words, the construction manager should practically select from the library of 
the pre-specified scenarios, the one that suits best the current operational setting, thus simplifying the 
decision making process and accelerating the response of the resource management strategy to the 
concrete demand variations.  
9. Conclusions 
The objective of this paper was the development and validation of a credible simulation model for the 
concrete batch plant operations and the supply of ready mixed concrete on-site. The implementation of 
the developed methodological framework was successful and the achieved accuracy of the simulation 
model was accepted by the project executives. The importance of effective truck mixer scheduling is 
highlighted, so as to ensure high RMC supply performance. The simulation model was structured based 
on input provided from site observations and the resulted model configuration was corroborated by actual 
measurements. In addition, it has also been demonstrated that decisions should be taken only after having 
considered their implications on the project as a whole. Although the research findings need to be further 
validated with more sample cases, the developed model is believed to be a practical tool for both 
academia and practitioners and possible extensions to include the examination of cost factors could be a 
potential topic for further elaboration in the future. 
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